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Abstract

Neutrophil elastase (NE) is a major inflammatory mediator in
cystic fibrosis (CF) that is a robust predictor of lung disease
progression. NE directly causes airway injury via protease activity,
and propagates persistent neutrophilic inflammation by up-
regulation of neutrophil chemokine expression.Despite its key role in
the pathogenesis of CF lung disease, there are currently no effective
antiprotease therapies available to patients with CF. Although
heparin is an effective antiprotease and anti-inflammatory agent, its
anticoagulant activity prohibits its use inCF, due to risk of pulmonary
hemorrhage. In this report,wedemonstrate the efficacy of a 2-O, 3-O-
desulfated heparin (ODSH), a modified heparin with minimal
anticoagulant activity, to inhibitNE activity and to blockNE-induced
airway inflammation. Using an established murine model of
intratracheal NE-induced airway inflammation, we tested the
efficacy of intratracheal ODSH to block NE-generated neutrophil
chemoattractants and NE-triggered airway neutrophilic
inflammation. ODSH inhibited NE-induced keratinocyte-derived
chemoattractant and high-mobility group box 1 release in
bronchoalveolar lavage. ODSH also blocked NE-stimulated high-

mobility group box 1 release frommurine macrophages in vitro, and
inhibited NE activity in functional assays consistent with prior
reports of antiprotease activity. In summary, this report suggests
that ODSH is a promising antiprotease and anti-inflammatory
agent that may be useful as an airway therapy in CF.
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Clinical Relevance

In this report, we demonstrate the efficacy of 2-O, 3-O-
desulfated heparin (ODSH), a modified heparin with minimal
anticoagulant activity, administered into the trachea, to inhibit
neutrophil elastase (NE) activity and to block NE-induced
airway inflammation in an established murine model of NE-
induced airway inflammation. This report suggests that ODSH
is a promising antiprotease and anti-inflammatory agent that
may be useful as an airway therapy in cystic fibrosis.

Cystic fibrosis (CF), also known as
mucoviscidosis, is an autosomal recessive
genetic disorder that can critically injure the
lungs. CF is associated with abnormal
transport of chloride and sodium across the
epithelia of the respiratory tract, leading to
thick, viscous airway secretions. Although

CF manifests as a complex multisystem
disease (involving the pancreas, liver, and
intestine), chronic and severe lung
involvement is the predominant cause of
morbidity and mortality. Progressive airway
injury found in CF lung disease includes
mucus plugging, infection, and neutrophilic

inflammation (1). The serine protease,
neutrophil elastase (NE), a major protease
and inflammatory mediator released by
neutrophils, can attain nanomolar to
micromolar concentration levels in CF
airway surface liquid (2). The excess NE
overwhelms antiprotease capability, leading
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to impairment of airway innate and
adaptive immunity, abnormal mucociliary
clearance, and the stimulation of synthesis
and release of neutrophil chemokines (3).
Recent studies suggest that NE also disables
CF transmembrane conductance regulator
(CFTR) function in vitro and in vivo,
exacerbating this functional defect in CF
lung disease (4). Furthermore, the epithelial
Na(1) channel that mediates regulated
Na(1) reabsorption by epithelial cells in the
lungs can be activated by NE (5–8).
Increased levels of NE at airway surfaces are
a predictor of early bronchiectasis and CF
lung disease progression (9, 10).

Another major inflammatory mediator
in the CF airway is high-mobility group box
1 (HMGB1), a nonhistone DNA-binding
protein that is actively secreted from
macrophages under conditions of stress
or infection (11). HMGB1 functions as
an inflammatory cytokine that induces
pulmonary neutrophil recruitment, impairs
macrophage phagocytosis, and promotes
endotoxic shock (12, 13). HMGB1 has been
shown to be significantly elevated in the
bronchoalveolar lavage (BAL) from patients
with CF (14), and high levels of sputum
HMGB1 correlate with CF disease severity
(15). Because NE and HMGB1 are both
now recognized as highly predictive
biomarkers of CF disease progression and
severity, it is possible that these two
biomarkers are somehow pathologically
linked.

Currently, there are no approved
antiprotease drugs or HMGB1 inhibitors to
mitigate the robust airway and tissue
inflammation that is a central mechanism of
CF lung disease progression. Heparin has
long been known to possess potent anti-
inflammatory properties; however, due to its
anticoagulant activity, the use of heparin as
an anti-inflammatory therapeutic is limited
(16, 17). 2-O, 3-O desulfated heparin
(ODSH) has many of the salutary anti-
inflammatory activities of heparin, but has
minimal residual anticoagulant activity,
and does not cause heparin-induced
thrombocytopenia (18). Importantly,
ODSH, like heparin, inhibits NE and
another neutrophil protease, cathepsin G,
and prevents HMGB1 ligation to its
receptors, the receptor for advanced
glycation end-products (RAGE), and Toll-
like receptor (TLR) 2 and TLR4 (18, 19).

Using an established mouse model of
intratracheal NE–induced inflammation, we
found that ODSH blocked NE-induced

neutrophilic inflammation in vivo, and was
a potent inhibitor of NE activity in vitro.
In addition, we show that NE triggered
the active secretion of HMGB1 from
macrophages, which was prevented by
ODSH. Our results suggest that ODSH may
be an effective multifunctional antiprotease
and anti-inflammatory therapy for CF lung
disease.

Materials and Methods

Animals
Male Balb/c mice (6–8 wk, 25–30 g)
were obtained commercially (Jackson
Laboratories, Bar Harbor, ME). Balb/c mice
were selected for the original experiments
to establish the model system and for the
experiments in this study, because they
develop mucous cell metaplasia in response
to allergen exposure, IL-13, and NE (20,
21). The study protocol was approved by
the Duke University Animal Care and Use
Committee.

NE and ODSH Instillation Protocol
Animals received ODSH or normal saline
(NS) followed by NE or NS 1 hour later by
oropharyngeal aspiration on Days 1, 4, and
7, as previously described (21, 22). ODSH
(297.5 mg/40ml, 635.6 mM; a kind gift from
Dr. Steve Marcus, ParinGenix, Inc, Weston,
FL) was delivered at 15-fold molar excess
to human NE (50 mg [43.75 U]/40 ml saline,
42.37 mM; specific activity, 875 U/mg
protein; Elastin Products, Owensville, MO).
Mice were killed by inhalational exposure
to 100% CO2 gas 1 day after the last NE
exposure (Day 8).

BAL
On Day 8, BAL was performed with 33
1-ml aliquots of sterile NS (21, 22). Cells
were collected by centrifugation (500 3
g, 10 min), and the supernatant was
stored at 2808C for assessment of
HMGB1 and cytokine levels.
Inflammatory cells in the BAL were
counted (22), and neutrophils were
determined per 200 total cells per slide
and expressed per milliliter of BAL.

Cytokine Analysis
The concentration of keratinocyte-derived
chemokine (KC) in lavage fluid was
measured by ELISA (R&D Systems,
Minneapolis, MN), per the manufacturer’s
instructions.

Studies on a Murine Macrophage
Cell Line
Murine macrophage-like cells, RAW 264.7
(American Type Culture Collection,
Manassas, VA), is a murine macrophage cell
line originating from primary macrophages
transformed by Ableson leukemia virus (23).
It has been widely used as a model to study
phagocytosis, locomotion, and metabolism
after activation of the innate immune
system. A systems biology analysis of gene
expression reveals that TLR4-activated
RAW cells have similar gene expression
profiles to activated primary bone
marrow–derived macrophages and
thioglycollate-elicited macrophages (24).
RAW 264.7 cells were cultured to 80%
confluency and were pretreated with
ODSH (7.5 mM or 88 mg/ml) or NS in
serum-free media. After 30 minutes, NE (0.5
mM or 15 mg/ml) or control vehicle (1:1
glycerol:0.02 M sodium acetate, pH 5) was
added to cells and incubated for 2, 4, 8, or 16
hours. After treatment, 2% FBS was added to
inactivate NE. Conditioned media were
collected for Western analysis for HMGB1.
Cell viability was established to be greater
than 95% for experimental conditions by
lactate dehydrogenase assay (Sigma, St. Louis,
MO).

Western Analysis of BAL HMGB1
Levels of HMGB1 in BAL and conditioned
media from in vitro experiments were
determined using Western analysis. BAL
samples (40 ml) or conditioned media
(40 ml) were separated on a 4–15%
SDS-PAGE gel, and proteins were
electrotransferred onto a nitrocellulose
membrane. The primary antibody was
anti-HMGB1 monoclonal antibody
(1:1,000; Abcam, Cambridge, MA) and
secondary antibody was horseradish
peroxidase–conjugated sheep anti-mouse
(1:5,000–10,000; GE Healthcare,
Pittsburgh, PA). Antibody binding was
detected by enhanced chemiluminescence
(PerkinElmer, Waltham, MA), per the
manufacturer’s instructions.

NE Activity Assay
Human NE (Elastin Products, Owensville,
MO) was reconstituted in 1:1 glycerol:0.02
M sodium acetate (pH 5). NE standards
were prepared from 0.23–30 mg/ml
(z0.01–1 mM) in Hepes buffer (0.125 M
Hepes, pH 7.5, 0.125% Triton-X 100). NE
standards or conditioned media samples
from the in vitro RAW 267.4 macrophage
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experiments (100 ml), saline (100 ml),
and substrate (3 mM, Suc-Ala-Ala-Val-p-
NA in 50% DMSO, 50 ml) were mixed in
a microtiter plate, at room temperature,
and the absorbance at 405 l, recorded
over 3 minutes, reflected NE enzyme
activity (19).

Statistical Analysis
The one-way, nonparametric ANOVA test
and post hoc comparisons by the Wilcoxon
rank sum test (Statistix 8.0; Analytical
Software, Tallahassee, FL) (25) were used to
compare BAL total and neutrophil cell
counts, KC levels, and HMGB1 levels. The
Wilcoxon signed rank test (Statistix 8.0)
(25) was used to compare NE activity in
media samples containing NE or NE plus
ODSH, and expressed as a two-tailed P
value for normal approximation. Significant
differences between groups were defined as
P less than 0.05.

Results

ODSH Blocks NE-Triggered
Neutrophilic Inflammation in Mice
NE provokes robust neutrophilic
inflammation, and has been shown to
induce release of the neutrophil cytokine,
KC, in mouse BAL (21), and IL-8 from
human bronchial epithelial cells (2, 26). We
hypothesized that ODSH would mitigate
NE-induced neutrophil influx into the
airway and decrease up-regulation and
secretion of KC. NE treatment caused an
increase in total BAL leukocytes and
neutrophils as compared with NS treatment
(Figures 1A and 1B). The increase in BAL
neutrophils was significantly diminished in
animals that received both ODSH and NE.
These results demonstrate that ODSH
inhibited NE-induced neutrophil influx.
We then tested whether ODSH inhibited
NE-induced neutrophilic inflammation by
blocking NE-up-regulation of KC, the
murine homolog of IL-8. ELISA analysis
of BAL revealed that NE significantly
increased KC levels (Figure 1C), whereas
ODSH pretreatment blunted the NE-
induced increase in KC levels, explaining
in part the inhibition of NE-generated
neutrophilic inflammation by ODSH.

ODSH Blocks NE-Mediated HMGB1
Secretion In Vivo
Both NE and HMGB1 are sputum
biomarkers for CF disease severity and

progression (15, 27), yet it is not known
whether NE activates HMGB1 release. We
hypothesized that HMGB1 is a mediator
in NE-induced inflammation, and tested
whether NE causes HMGB1 release
in vivo. By Western analysis, we
demonstrated that NE increased BAL
HMGB1 levels, and pretreatment with
ODSH prevented NE-induced HMGB1
release (Figures 2A and 2B). Because there
are several potential targets for HMGB1
release in the airway, we next queried
whether NE activated HMGB1 release
from macrophages.

NE Stimulates HMGB1 Release from
a Murine Macrophage Cell Line
To investigate NE-induced HMGB1 release
in vitro, RAW 267.4 cells (a murine
macrophage cell line) were treated with NE
and ODSH, alone or together. Western
analysis demonstrated the presence of
HMGB1 protein in conditioned media
from macrophages treated with NE (Figures
3A and 3B). Cells treated with both ODSH
and NE released minimal to no HMGB1 as
compared with macrophages treated with
NE alone. HMGB1 release was maximal
after 8 hours of NE treatment, and only

Figure 1. Bronchoalveolar lavage (BAL) cell counts, differential cell counts, and keratinocyte-derived
chemokine (KC) secretion. BAL (3 ml) was obtained from neutrophil elastase (NE)-treated, 2-O, 3-O-
desulfated heparin (ODSH) 1 NE–treated and control mice 1 day after the third treatment. Cells
were collected, applied to a slide by cytospin centrifugation, dried, and stained by Wright Giemsa
stain for (A) total leukocyte cell count/ml and for (B) neutrophil cell count/ml. At least 200 cells were
counted per slide. Data summarize two experiments; n = 8 mice per group; mean 6 SEM; *P ,
0.0002, normal saline (NS) 1 NE versus NS 1 NS; #P , 0.0002, ODSH 1 NE versus NS 1 NE. (C)
KC in BAL for NE-treated, ODSH 1 NE–treated, and control mice was determined by ELISA.
Data summarize two experiments; n = 8 mice per group; mean 6 SEM; *P , 0.0002, NS 1 NE
versus NS 1 NS; #P , 0.03, ODSH 1 NE versus NS 1 NE.
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intermittently detected at 4 hours; no
HMGB1 release was detected at 2 or
16 hours (data not shown). Lactate
dehydrogenase assay revealed less than 6%
cell death in all treatment conditions at
8 hours (data not shown), indicating that
HMGB1 was being actively secreted
from macrophages rather than passively
released during necrosis. This is the first
demonstration, to our knowledge, that NE

exposure alone is sufficient to trigger
HMGB1 release from cells. Importantly,
this suggests that HMGB1 may mediate
NE-induced neutrophilic inflammation.

ODSH Inhibits NE Activity In Vitro
Previous studies have demonstrated that
ODSH is a potent inhibitor of neutrophil
protease activity (19). We sought to confirm
that ODSH would inhibit NE in our

experimental model. We tested this
hypothesis in the culture media in the
presence or absence of ODSH and/or NE
used to treat RAW 264.7 cells. In the
presence of ODSH, the action of NE on the
synthetic substrate, Suc-Ala-Ala-Val-p-NA,
was significantly decreased from 0.056
optical density/min to 0.014 optical density/
min (Figure 4). We can conclude that ODSH
inhibited NE activity to a level below the
threshold concentration required to release
HMGB1 from macrophages in vitro.

Discussion

In this report, we demonstrate that
a partially desulfated heparin, ODSH,
is an effective antiprotease and anti-
inflammatory therapy in a mouse model
relevant to CF airway disease. We confirmed
prior reports (18, 19) that ODSH decreased
NE activity to levels below a threshold
required for HMGB1 secretion from
macrophages (Figure 3). ODSH has also
been reported to interfere with HMGB1
ligation of its receptors, including RAGE
and TLR2 and -4 (18), and thus attenuate
inflammation. In this report, we
demonstrate that ODSH also interferes with
HMGB1 indirectly by inhibiting NE and
therefore NE-regulated HMGB1 release
from macrophages. We suggest that this
observation strongly supports the primary
role of antiprotease control to interfere with
NE-mediated progression of CF lung
disease. Given both its antiprotease and
anti-inflammatory properties, ODSH
represents an attractive potential
therapeutic to curb the neutrophilic
inflammation within the airways of patients
with other chronic inflammatory diseases.
Of interest, HMGB1 and its receptor,
RAGE, are also significantly elevated in the
BAL from smokers with COPD, and are
postulated to play roles in COPD
pathogenesis (28), adding support in
addition to NE inhibition for potentially
using aerosolized ODSH in COPD.
Furthermore, subcutaneous heparin was
shown many years ago to inhibit
development of acute graft-versus-host
disease in mice (29), perhaps through
selectin inhibition–mediated retardation of
lymphocyte trafficking.

This report demonstrates a previously
unknown direct link between two
biomarkers for CF disease severity and
progression, NE and HMGB1. We have

Figure 2. BAL high-mobility group box 1 (HMGB1) secretion after NE, or ODSH 1 NE, or control
treatment conditions in vivo. (A) HMGB1 was detected in BAL (40 ml) by Western analysis as
described in MATERIALS AND METHODS. Western blot shown is representative of four blots. Mouse brain
lysate served as a positive control for HMGB1 (Pos). Note that the signals of HMGB1 in lanes 6 and 7,
representing NE treatment alone, are absent in lanes 8 and 9, representing the NE 1 ODSH
treatment. (B) Graphic summary of Western band densitometry; n = 8; mean 6 SEM. *P , 0.0002,
NS 1 NE versus NS 1 NS; #P , 0.0011, ODSH 1 NE versus NS 1 NE.

Figure 3. HMGB1 secretion by a macrophage cell line, RAW 264.7, after NE, ODSH1 NE, or control
treatments. (A) HMGB1 was detected in conditioned media of RAW 264.7 cells by Western analysis,
as detailed in MATERIALS AND METHODS. Western blot shown is representative of four blots. Positive
control is mouse brain lysate (Pos). Note that the signals of HMGB1 in lanes 6 and 7, representing NE
treatment alone, are absent in lanes 8 and 9, representing the NE 1 ODSH treatment. (B)
Graphic summary of band densitometry from three experiments; data are presented as mean6 SEM;
n = 8; *P , 0.0003, NS 1 NE versus NS 1 NS; #P , 0.0028, ODSH 1 NE versus NS 1 NE.
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shown that NE treatment of mice caused an
increase in airway HMGB1 levels (Figure 2).
In addition, NE triggered the active
secretion of HMGB1 from macrophages
in vitro, in the absence of necrosis
(Figure 3). HMGB1 release is triggered by
bacterial products, such as LPS or cytosine-
phosphate-guanine–DNA, or by
inflammatory products, including IL-1,
TNF-a, hydrogen peroxide, and
lysophosphatidylcholine (30, 31),
producing acetylation of lysine residues,
which causes accumulation of HMGB1 in
cytoplasmic secretory lysosomes and blocks
its re-entry to the nuclear compartment. In
addition, serine phosphorylation by protein
kinases can also mediate HMGB1 secretion
(32). These events can be promoted by
oxidative stress, resulting in nuclear-to-
cytoplasmic translocation and secretion (33).
The mechanism of HMGB1 release by NE is
not known. However, we and others have
reported that NE exposure generates reactive
oxygen species (34, 35), and this may be
a key signal that causes post-translational
modification of HMGB1, resulting in
nuclear-to-cytoplasmic translocation.

Currently, there are no approved
antiprotease drugs to mitigate the high

protease load in the CF airway. Despite the
recent advances in therapies to correct
mutant CFTR function using potentiators,
such as Kalydeco (36), many patients with
CF have established airway injury, and
there is no current evidence that partial
restoration of mutant CFTR function will
re-establish normal airway innate
immunity to prevent CF bronchitis.
Therefore, there is a pressing need to
develop antiproteolytic and anti-
inflammatory therapies to protect the CF
airway from recurrent inflammation. In
addition, an antiprotease therapy is an
attractive therapeutic approach early in the
CF disease course to prevent progression.
Several antiprotease therapies have been the
subject of investigation, including versions
of the naturally occurring antiproteases,
elafin, secretory leukoprotease inhibitor,
and a1-antitrypsin. Notably, elafin and
secretory leukoprotease inhibitor have been
shown to have additional antibacterial and
anti-inflammatory properties (3). Two
prospective phase II trials of a1-antitrypsin
demonstrate that, although inhalation
therapy was safe, there is insufficient
evidence to support efficacy to ameliorate
NE-induced inflammation (37, 38). There

has been only marginal success of the
synthetic antiprotease, DX-890 (EPI-hNE4)
(39, 40), which has not been tested at the
higher NE ratios representative of in vivo
CF lung conditions. Furthermore, small-
molecule synthetic NE inhibitors that are
able to access the intracellular environment
of the phagolysosome may suppress
the desirable antibacterial and anti-
inflammatory properties of naturally
occurring proteases (41).

Heparin, the parent molecule for
ODSH, is safe and effective in decreasing
airflow obstruction in patients with asthma
(42). A recent trial in patients with CF
showed that inhaled heparin decreased
sputum NE and total cell counts compared
with placebo, with greater ease in sputum
expectoration (43). Inhaled heparin has also
been shown to significantly reduce days on
mechanical ventilation in patients with
acute lung injury (44). Phase I trials of
intravenous administration of ODSH to
normal human volunteers produced no
serious adverse effects or anticoagulant
effects (18). These studies demonstrate that
low-anticoagulant ODSH has a favorable
safety record as a therapeutic, and might
pose a safer antiprotease for CF than fully
anticoagulant heparin as an inhaled
therapeutic.

In summary, we have shown that
ODSH is a potent antiprotease that inhibits
NE-mediated neutrophilic inflammation
in the mouse lung. In addition, this
report is the first to demonstrate that NE
induces the secretion of HMGB1 from
macrophages, although further studies are
required to determine this mechanism.
Our results reveal the potential for inhaled
ODSH as a promising antiproteolytic and
anti-inflammatory therapy in CF lung
disease. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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